Introduction
Caffeic acid esters are widely distributed in plants and propolis (Tagashira & Ohtake, 1998; Ysrael & Nonato, 1999) . Caffeic acid phenethyl ester (CAPE) especially has been found in propolis and has a broad spectrum of biological activities, including antimicrobial, antiinflammatory, antioxidant, and antitumor activities (Bankova, 2005) ; it also has an inhibitory effect on HIV-1 integrase, cyclooxygenase, and lipooxygenase (Fesen et al., 1993; Michaluart et al., 1999; Nicklaus et al., 1997; Sud'ina et al., 1993) . It has been reported that the ester part of CAPE is important for its antiproliferative effect on various human tumor cells (Nagaoka et al., 2003) . Additionally, it was suggested that conversion of the phenyl group to a cyclohexyl group in a CAPE analogue enhanced the antiproliferative effect (Kadota & Tezuka, 2004) . Immature green coffee beans are not marketed as coffee because contamination of these beans negatively affects the flavor. However, they contain appreciable amounts of various caffeoylquinic acids, for example, 4.8-5.8 g of 5-caffeoylquinic acid/100 g of immature green coffee beans (Kishimoto et al., 2005a) . These immature beans are notable among unused agricultural resources, and we are therefore currently investigating the enzymatic conversion of their caffeoylquinic acids to valuable products. In recent work, we synthesized CAPE using 5-caffeoylquinic acid and 2-phenylethanol as substrates with chlorogenate hydrolase by a transesterification reaction in a biphasic aqueous-alcohol state and elucidated the antibacterial, antimutagenic, and anti-influenza virus activities of CAPE (Kishimoto et al., 2005b) . The procedure using chlorogenate hydrolase provided various CAPE analogues, but the maximum conversion yield of CAPE was 50%. The insufficient yield was probably due to the hydrolysis of 5-caffeoylquinic acid by the enzyme to caffeic acid in the aqueous phase. Therefore, a new procedure for the synthesis of CAPE analogues superior to that method in terms of the conversion yield remained to be developed. Ionic liquids (ILs), which are composed of a bulky asymmetric cation and a small anion, are easily modified with respect to the combination of cation and anion, and therefore,
Conversion of caffeoylquinic acids to methyl caffeate with chlorogenate hydrolase
The aim of this study was the development of conversion system of caffeoylquinic acids to valuable compounds. When an IL, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([bmim] [NTf 2 ]) was used as a reaction solvent, we found that immobilized chlorogenate hydrolase (Kikkoman) catalyzed the conversion of 5-caffeoylquinic acid to methyl caffeate with methanol ( Fig. 1) . The immobilized enzyme was prepared with chlorogenate hydrolase using quaternary ammonium sepabeads (Mitsubishi Chemical Co., Tokyo, Japan) (Kurata et al., 2011) . To synthesize valuable compounds from caffeoylquinic acids, we attempted to develop a method for the conversion of caffeoylquinic acids to CAPE analogues via methyl caffeate. In section 2, we describe the properties of immobilised chlorogenate hydrolase in ILs. Using various caffeoyl quinic acid prepared from immature coffee beans, we developed a system to produce methyl caffeate. When [bmim] [NTf 2 ] was used as the reaction solvent, the enzymatic conversion with immobilized chlorogenate hydrolase proceeded under a non-aqueous condition (Kurata et al., 2011) . In various enzymatic syntheses, water can shift the equilibrium in the direction of hydrolysis; therefore, in methods using lipase, the water produced as a by-product was removed (Bélafi-Bakó et al., 2002; Gubicza et al., 2000) . However, the catalytic activity in non-aqueous solvents depends on the amount of water associated with the enzyme conforming to its native conformation (Barahona et al., 2006) . Thus, we examined the effect of the addition of an aqueous solution on the production of methyl caffeate in [bmim][NTf 2 ] by varying the additional volume of 50 mM sodium phosphate buffer (pH 6.5) from 0 to 5% (v/v) (Fig. 2) . When the concentration of the aqueous solution was 1% or lower, the production of methyl caffeate increased. However, the production of methyl caffeate was decreased in aqueous solutions greater than 2%. The production of caffeic acid was increased with addition of the buffer, indicating that the enzyme probably catalyzed hydrolysis of 5-caffeoylquinic acid to produce caffeic acid rather than alcoholysis to produce methyl caffeate. Thus, the result indicated that the addition of 1% aqueous solution was suitable for the production of methyl caffeate. It was suggested that ILs are able to maintain active structures of the enzymes with a monomolecular layer of water (Fehér et al., 2007 
Effect of aqueous solution on chlorogenate hydrolase in IL

Selection of IL for chlorogenate hydrolase
In order to investigate the activities of chlorogenate hydrolase in various ILs, the alcoholysis of 5-caffeoylquinic acid with methanol was examined (Fig. 3) anions coordinate more strongly to positively charged sites in the structure of an enzyme. In consequence, the enzyme is deactivated by a conformation change in the enzyme structure due to these anions. As shown Figure 3 
Effect of temperature
The effect of temperature on the chlorogenate hydrolase activity of the alcoholysis reaction with 5-caffeoylquinic acid and methanol was examined in [bmim][NTf 2 ] at temperatures from 20°C to 100°C (Fig. 4) . With increased temperature, the amounts of the product initially increased. However, at temperatures higher than 40°C, the amounts of the product decreased, indicating that 40°C is the optimum temperature for chlorogenate hydrolase. Additionally, the enzyme is deactivated at temperatures higher than 80°C.
Substrate specificity for chlorogenate hydrolase
We examined the production of methyl caffeate using the alcoholysis reaction by chlorogenate hydrolase in [bmim][NTf 2 ] (Table 1) . Methyl caffeate was produced using various caffeoylquinic acids (15 µmol) and methanol (2200 µmol). Using 3-caffeoylquinic acid, 4-caffeoylquinic acid, 5-caffeoylquinic acid, 3,5-dicaffeoylquinic acid, and 4,5-dicaffeoylquinic acid, methyl caffeate was synthesized at concentrations of 9.0 mM (9.0 µmol), 9.2 mM (9.2 µmol), 12.9 mM (12.9 µmol), 13.9 mM (13.9 µmol), and 17.1 mM (17.1 µmol), respectively (Kurata et al., 2011) . Table 1 . Conversion yields of caffeoylquinic acids to methyl caffeate.
Because dicaffeoylquinic acid and caffeoylquinic acid have two and one caffeoyl groups, respectively, the volumes of methyl caffeate prepared from 3,5-dicaffeoylquinic acid and 4,5-dicaffeoylquinic acid were greater than those of methyl caffeate prepared from 3-caffeoylquinic acid, 4-caffeoylquinic acid, and 5-caffeoylquinic acid. In the cases of 3,5-dicaffeoylquinic acid and 4,5-dicaffeoylquinic acid, both caffeoyl groups would be used for synthesis of methyl caffeate. Additionally, using a mixture of 3,4-dicaffeoylquinic acid and 4,5-dicaffeoylquinic acid, which is a crude fraction prepared from coffee beans, HPLC analysis showed that all peaks of caffeoylquinic acids disappeared and that the peak of methyl caffeate occurred after a 4-h reaction with chlorogenate hydrolase in [bmim][NTf 2 ] (Kurata et al., 2011) . Chlorogenate hydrolase acted on caffeoylquinic acids and dicaffeoylquinic acids. Thus, methyl caffeate was produced from various caffeoylquinic acids prepared from coffee beans using this procedure.
Conversion of methyl caffeate to CAPE analogues with Novozyme 435
In section 2, we described success in converting various caffeoylquinic acids to methyl caffeate with good yields. Next, we tried to convert methyl caffeate to valuable compounds, namely, CAPE analogues, using IL as the reaction solvent (Fig. 5) . (Kurata et al., 2010) . The reaction was performed with 1,200,000 U of lipases.
Selection of lipase for transesterification in IL
Among these enzymes, Novozyme 435 was the most suitable for the procedure. PS-CI and TLIM hardly catalyzed the reaction, although RMIM catalyzed it relatively well. The difference in the recognition of the substrate by lipases is probably in accordance with the difference in the substrate orientation in the active center (Pleiss et al., 1998) . With one possible exception, the substrates easily accessed the active center of Novozyme 435. Additionally, it is suggested that the substrates hardly accessed the active sites of RMIM, PS-CI, and TLIM.
Selection of IL for Novozyme 435
In order to investigate the activity of Novozyme 435 in various ILs, the transesterification of 2-cyclohexylethanol was examined (Fig. 6) (Fig. 6, closed  bar) . The amounts of 2-cyclohexylethyl caffeate produced in all [NTf 2 ] anion-containing ILs were smaller to that in [bmim][NTf 2 ], but the reactions proceeded effectively in these ILs (Fig. 6, open bars) . The results indicated that Novozyme 435 activity in ILs is anion dependent, like chlorogenate hydrolase (Fig. 3) . As described in section 2. 2, chlorogenate hydrolase would be deactivated by conformation changes in the enzyme structure due to the [BF 4 
Effect of temperature
The effect of temperature on the activity of Novozyme 435 for the transesterification with 2-cyclohexylethanol and 3-cyclohexyl-1-propanol was examined in [bmim][NTf 2 ] by varying temperatures ranging from 60˚C to 110˚C (Fig. 7) . With increased temperature, the amounts of the product were initially increased. However, at higher than 90˚C, the amounts of the product were decreased, indicating that 80˚C is the optimum temperature for the transesterification. 
Reusability of IL and lipase
We evaluated the repeated use of Novozyme 435 in [bmim][NTf 2 ] (Fig. 8) . After the reaction, we added diethyl ether to the reaction mixture to form a diethyl ether-IL two-phase state. The great advantage of the state was the easy removal of the upper diethyl ether phase containing the product and unreacted substrate, while the lower phase containing the enzyme and IL could be used again. After three cycles of repeated use, Novozyme 435 retained its ability to produce about 40 mM 2-cyclohexylethyl caffeate with a conversion yield of about 80%. After four and five cycles, the amounts of 2-cyclohexylethyl caffeate were decreased to 28.7 mM and 27.4 mM, respectively. 
Substrate specificity for Novozyme 435
We examined the production of CAPE analogues using transesterification with [bmim][NTf 2 ] (Kurata et al., 2010) . CAPE analogues were produced using 50 mM methyl caffeate (50 µmol) and 300 mM alcohols (300 µmol). We synthesized 48.8 mM 2-cyclohexylethyl caffeate (48.8 µmol), 46.9 mM 3-cyclohexylpropyl caffeate (46.9 µmol), 49.4 mM 4-phenylbutyl caffeate (49.4 µmol), and 42.0 mM 5-phenylpentyl caffeate (42.0 µmol). The conversion yields are shown in Table 3 . In terms of the conversion yield, this procedure using Novozyme 435 is superior to the previously reported procedure affording CAPE with the maximum conversion yield of 50% (Kishimoto et al., 2005a) . CAPE was obtained by transesterification catalyzed by Novozyme 435 using isooctane as the solvent with the conversion yield of 91.65% (Chen et al., 2010) . The conversion yields of the CAPE analogues produced by the [bmim][NTf 2 ] system are comparable to that of CAPE produced by the isooctane system. ], which was used as a reaction medium. For production of 2-cyclohexylethyl caffeate, 3-cyclohexylpropyl caffeate, 4-phenylbutyl caffeate, and 5-phenylpentyl caffeate, alchols used were shown as follows: 2-cyclohexylethanol, 3-cyclohexyl-1-propanol, 4-phenyl-1-butanol, 5-phenyl-1-pentanol, respectively (Kurata et al., 2010) .
Consecutive conversions of 5-caffeoylquinic acids to 3-cyclohexylpropyl caffeate
We described the alcoholysis of various caffeoylquinic acids with methanol to produce methyl caffeate in section 2, and the transesterification of methyl caffeate to various CAPE analogues in section 3. Both reactions was performed in the same IL, namely, [bmim][NTf 2 ], with good production yields. In section 4, we investigated a one-pot consecutive conversion of 5-caffeoylquinic acid to a CAPE analogue, 3-cyclohexylcaffeate, via methyl caffeate (Fig.  9 ). In the case of a one-pot two-step reaction, purification of the reaction intermediate is not required, so that the intended product was expected to be obtained with high conversion yield. 
Conversion of 5-caffeoylquinic acid with chlorogenate hydrolase
We initialy examined the production of methyl caffeate or 3-cyclohexylpropyl caffeate using immobilized chlorogenate hydrolase in [bmim][NTf 2 ] (Fig. 10) . The reaction mixture was comprised of 5-caffeoylquinic acid, alcohols, 50 mM sodium phosphate (pH 6.5), chlorogenate hydrolase, and [bmim][NTf 2 ] as the reaction solvent. After a 10-h reaction using 15 mM 5-caffeoylquinic acid and 2200 mM methanol, 11.3 mM methyl caffeate and 3.2 mM caffeic acid were produced with conversion yields of 75.4% and 21.5%, respectively (Fig. 10A) , whereas 13.1 mM caffeic acid and 1.21 mM 3-cyclohexylpropyl caffeate were produced with conversion yields of 87.6% and 8.1%, respectively, using 15 mM 5-caffeoylquinic acid and 2200 mM 3-cyclohexyl-1-propanol (Fig. 10B) . The result showed that methanol is a better substrate for chlorogenate hydrolase than 3-cyclohexyl-1-propanol to produce methyl caffeate with a high conversion yield. Additionally, Novozyme 435 did not catalyze the conversion of 5-caffeoylquinic acid to 3-cyclohexylpropyl caffeate or methyl caffeate (data not shown), but efficiently catalyzed the conversion of methyl caffeate to 3-cyclohexylpropyl caffeate with a conversion yield of 93.8%, as described in section 3.5. Thus, consecutive conversions of 5-caffeoylquinic acid to 3-cyclohexylpropyl caffeate via methyl caffeate using chlorogenate hydrolase and Novozyme 435 would be a more effective procedure than a single conversion of 5-caffeoylquinic acid to 3-cyclohexylpropyl caffeate.
Effect of methanol on transesterification by Novozyme 435
During conversion of 5-caffeoylquinic acid with methanol, the reaction mixture probably contained unreacted methanol. Additionally, when methyl caffeate prepared from caffeoylquinic acids was used as the acyl donor to produce 3-cyclohexylpropyl caffeate, methanol was produced as a byproduct. In the conversion of methyl caffeate to 3-cyclohexylpropyl caffeate in the consecutive synthesis, therefore, the reverse reaction with methanol would occur easily to decrease the amount of the desired product. We tested the effect of methanol on Novozyme 435, and observed that methanol had an inhibitory effect on the production of 3-cyclohexylpropyl caffeate (Fig. 11) . For development of the two-step procedure, we attempted to avoid this difficulty by removing the unreacted methanol in vacuo (14 hPa) and performing the transesterification of methyl caffeate by Novozyme 435 under reduced pressure (845 hPa), so that methanol could be removed immediately from the reaction mixture (Itoh, 2007) .
Consecutive enzymatic reactions for synthesis of 3-cyclohexylpropyl caffeate
For the development of a convenient procedure for synthesis of 3-cyclohexylpropyl caffeate from 5-caffeoylquinic acid via methyl caffeate, we tested the consecutive enzymatic reactions by chlorogenate hydrolase and Novozyme 435 using [bmim][NTf 2 ] as the solvent (Fig. 12) . As shown in Figure 9 , the first alcoholysis reaction for 4 h at 40˚C with methanol using chlorogenate hydrolase produced methyl caffeate from 5-caffeoylquinic acid. Next, the unreacted methanol was removed under reduced pressure (14 hPa) for 1 h at 80°C, and chlorogenate hydrolase was deactivated at 80°C. In the subsequent transesterification reaction by Novozyme 435 with 3-cyclohexyl-1-propanol, the methyl caffeate produced was converted to 3-cyclohexylpropyl caffeate under reduced pressure (845 hPa) to remove the by-product methanol. In the consecutive synthesis, the methyl caffeate was transesterified efficiently to 3-cyclohexylpropyl caffeate by Novozyme 435 with deactivation of chlorogenate hydrolase by taking advantage of the difference between the optimum temperatures for chlorogenate hydrolase (40˚C, Fig. 4 ) and Novozyme 435 (80˚C, Fig. 7 ). In the one-pot two-step synthesis, 15 mM 5-caffeoylquinic acid (15 µmol) was converted via 13.1 mM methyl caffeate (13.1 µmol, 87.3%) to 12.8 mM 3-cyclohexylpropyl caffeate (12.8 µmol, 97.7%). The net conversion yield of 3-cyclohexylpropyl caffeate toward 5-caffeoylquinic acid was 85.3%. In the synthesis of CAPE analogues, the conversion yield of 3-cyclohexylpropyl caffeate toward 5-caffeoylquinic acid (85.3%) was superior to that of CAPE toward 5-caffeoylquinic acid (50%) (Kishimoto et al., 2005a) . CAPE analogues were obtained by single transesterification systems catalyzed by Novozyme 435 using [bmim][NTf 2 ] or isooctane as the solvent with conversion yields of 93.8% and 91.65%, respectively (Chen et al., 2010; Kurata et al., 2010) . The conversion yield of 3-cyclohexylpropyl caffeate produced by the consecutive conversion system was comparable to those of CAPE produced by single transesterification systems.
Antiproliferative effect against human tumor cells
In the study, we developed a convenient procedure for synthesis of CAPE analogues. As described in section 1, CAPE analogues have antimicrobial, anti-inflammatory, antioxidant, and antitumor activities (Kishimoto et al., 2005b) . Finally, the CAPE analogues produced, namely, 2-cyclohexylethyl caffeate and 3-cyclohexylpropyl caffeate, were purified and tested for their antiproliferative activities against human tumor cells in vitro.
Antiproliferative effect
Cellular growth in the presence of 2-cyclohexylethyl caffeate or 3-cyclohexylpropyl caffeate produced in [bmim][NTf 2 ] was determined by an MTT assay (Carmichael et al., 1987) . Rapidly growing human tumor cells, namely, colon carcinoma HT-29 cells, cervical carcinoma HeLa S3 cells, breast cancer MCF-7 cells, and chronic myeloid leukemia K-562 cells, were harvested, counted, and inoculated at appropriate concentrations (135 µl volumes) into a 96-well microtiter plate. After 24 h, 15 µl of CAPE analogues were applied to triplicate culture wells, and the culture was incubated at 37˚C. After 72 h, 15 µl of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Nacalai Tesque, Kyoto, Japan) prepared at 5 mg/ml in PBS (Invitrogen, Carlsbad, CA) was added to microculture wells. After a 4-h incubation at 37˚C, 200 µl of DMSO was added to the supernatant from each microculture well. After a thorough mixing with a mechanical plate mixer, absorbance at 540 nm was measured. IC 50 values represent the compound concentration required to reduce the proliferation of the tumor cell by 50%. Cell viability was calculated using the following equation:
where A is the absorbance of the cells in the culture medium treated with drugs, B is the absorbance of the culture medium (blank), and C is the absorbance of static cells (control). The MTT assay was repeated two times. Table 4 . Antiproliferative activities of CAPE analogues (Kurata et al., 2010) .
Both 2-cyclohexylethyl caffeate and 3-cyclohexylpropyl caffeate halved the numbers of the four tumor cells at less than 25 µM. Although the IC 50 value of caffeic acid for K562 cells was 56.0 µM, the values for other three tumor cells, HT-29, HeLa S3, and MCF-7, were 165.8 µM, 134.5 µM, and 490.8 µM, respectively. 2-Cyclohexylethyl caffeate and 3-cyclohexylpropyl caffeate exhibited stronger antiproliferative activities than caffeic acid, and the IC 50 values of both compounds were comparable to that of 5-fluorouracil, which is a widely accepted anticancer drug (Yoshida et al., 2008) . It was also reported that CAPE inhibited the proliferation of human leukemic HL-60 cells and human colorectal cancer HCT116 cells and induced apoptosis (Chen et al., 2001; Wang et al., 2005 
Conclusion
Generally, enzymes offer advantages in stereo and regioselectivity for synthesis of biologically active compounds (Luetz et al., 2008) . Diminished yields, selectivity, and poor solubility of substrates in the aqueous phase may require that the enzymatic reactions be performed in the non-aqueous phase. In this regard, various solvents, such as organic solvents (Gubicza et al., 2000) , ILs, and supercritical carbon dioxide (Oakes et al., 2001) , were investigated to overcome the disadvantages of the aqueous solvent. Increasing environmental demands and legal restrictions currently necessitate the development of new types of green solvents and innovations for more sustainable enzymatic processes. ILs as solvents have at least four advantages for enzymatic reactions: 1) ILs are easily modified with cations and anions to dissolve polar and non-polar substrates, 2) the purification of products is very easy, 3) the enzymes can be used repeatedly with IL, and 4) the thermal stability and non-volatility of ILs may promote the reaction to obtain the intended product. In this study using various ILs as the reaction solvent, we examined the properties of chlorogenate hydolase from A. japonicus and Novozyme 435 (C. antractica lipase B). Additionally, we produced 2-cycylohexylethyl caffeate and 3-cyclohexylpropyl caffeate, and showed that they had antiproliferative effect on various human tumor cells. We thus developed a convenient procedure for conversion of 5-caffeoylquinic acid to 3-cyclohexylpropyl caffeate via methyl caffeate. The procedure developed in this study would be useful for the exploitation of immature coffee beans that contain various caffeoylquinic acids (Fig. 13) . Fig. 13 . One-pot two-step synthesis of various CAPE analogues from various caffeoylquinic acids prepared from coffee beans via methyl caffeate. Using chlorogenate hydrolase, Novozyme 435, and [bmim][NTf 2 ] as the reaction solvent, caffeoylquinic acids from coffee beans were converted to various CAPE analogues, which have antimicrobial, antiinflammatory, antioxidant, and antitumor activities.
